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Escherichia coli strains isolated from commercial broilers and an experimental flock of chickens were
screened to determine phenotypic expression of antimicrobial resistance and carriage of drug resistance
determinants. The goal of this study was to investigate the influence of oxytetracycline, sarafloxacin, and
enrofloxacin administration on the distribution of resistance determinants and strain types among intestinal
commensal E. coli strains isolated from broiler chickens. We detected a high prevalence of resistance to drugs
such as tetracycline (36 to 97%), sulfonamides (50 to 100%), and streptomycin (53 to 100%) in E. coli isolates
from treated and untreated flocks. These isolates also had a high prevalence of class 1 integron carriage, and
most of them possessed the streptomycin resistance cassette, aadA1. In order to investigate the contribution of
E. coli strain distribution to the prevalence of antimicrobial resistance and the resistance determinants,
isolates from each flock were DNA fingerprinted by enterobacterial repetitive intergenic consensus sequence
(ERIC) PCR. Although very diverse E. coli strain types were detected, four ERIC strain types were present on
all of the commercial broiler farms, and two of the strains were also found in the experimental flocks. Each E.
coli strain consisted of both susceptible and antimicrobial agent-resistant isolates. In some instances, isolates
of the same E. coli strain expressed the same drug resistance patterns although they harbored different tet
determinants or streptomycin resistance genes. Therefore, drug resistance patterns could not be explained
solely by strain prevalence, indicating that mobile elements contributed significantly to the prevalence of
resistance.

The poultry industry is a significant economic force in the
United States; the National Agricultural Statistics Service es-
timates that the average value of poultry production is more
than 50 billion dollars per year (http://www.nass.usda.gov
/Census_of_Agriculture/index.asp; accessed 9 May 2006). The
demand for chicken has increased over the past 50 years from
1 million pounds in 1950 to more than 40 billion pounds in
2000, a 4-log10 increase in production. However, the economic
losses due to cellulitis and airsacculitis infections in broiler
chickens were more than $80 million in 2002 (http://usda
.mannlib.cornell.edu/reports/nassr/poultry/ppy-bb; accessed 9
May 2006). Escherichia coli is the primary causative agent of
cellulitis, septicemia, and airsacculitis in poultry; therefore, it is
the most significant bacterial pathogen of broiler chickens (7,
12). There are several antimicrobials that have been approved
for treatment of E. coli infections in broiler chickens, including
tetracycline and streptomycin (40, 41). However, some of these
antimicrobials are not cost-effective, while others are ineffec-
tive due to acquired resistance (3).

The use of antimicrobials in food production is controversial
because of data that suggest that usage may lead to an increase
in drug resistance in human pathogens. These human food safety

concerns have been influential in triggering the European Union
to ban the use of antimicrobials as growth promotants in food
production (21) and to increase their surveillance for bacterial
resistance in food-borne pathogens and indicator organisms (http:
//www.dfvf.dk/default.asp?ID � 9604; accessed 9 May 2006). Sim-
ilarly, the U.S. Food and Drug Administration has reevaluated its
approach to approving drugs for food animal production and
encouraged the withdrawal of the fluoroquinolones sarafloxacin
(http://www.fda.gov/cvm/CVM_Updates/PATHLOAD.HTM; ac-
cessed 9 May 2006) and enrofloxacin (http://www.fda.gov/cvm
/FQWithdrawal.html; accessed 9 May 2006) used to treat E.
coli infections in poultry.

The long-term use of antimicrobials for therapy and growth
promotion in animals selects for drug resistance in gram-neg-
ative pathogens (21). In farm environments, commensal and
environmental bacteria may be a reservoir for the transfer of
antimicrobial resistance genes to pathogenic bacteria (20, 23,
32). In previous studies, we described the high gene load of
resistance determinants in the bacterial community in chicken
litter (23, 32). Since bacteria acquire most resistance genes
through horizontal transfer, conjugative genetic elements such
as plasmids and transposons are common vectors for the dis-
semination of antimicrobial resistance genes to diverse micro-
organisms. The purpose of this study was to investigate the
influence of antimicrobial administration on the distribution
of resistance determinants and strain types among commen-
sal E. coli strains isolated from the broiler chicken intestine.
The information obtained in this study should help to elu-
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cidate the ecology of resistance in commensal bacteria in a
farm environment.

MATERIALS AND METHODS

Sample collection. Fresh cecal droppings were collected from the surface of
the litter of flocks raised on three commercial broiler chicken farms in northeast
Georgia. All three chicken farms were contracted to raise broiler chickens for the
same poultry company. Samples were obtained during the period when the birds
were 3 to 7 weeks old, and the history of antimicrobial usage was known for these
commercial farms. This period was chosen because airsacculitis-related mortality
is most likely to occur in broiler chickens during this time (1) and we had access
to flocks that were given therapeutic antimicrobials. Samples were obtained from
three flocks on farm A, which had not used therapeutic antimicrobials for at least
1 year prior to sampling and did not use them during our study. Samples were
obtained from two flocks each on farms B and C. Flock 1 on farm B was treated
with oxytetracycline, and flock 1 on farm C was treated with the fluoroquinolone
sarafloxacin. Samples were obtained from these flocks immediately after antimi-
crobial administration.

In addition, broiler chicken flocks were raised in a research facility on fresh
bedding consisting of pine shavings placed on VirkonS (Dupont, Wilmingon,
DE)-disinfected concrete floor pens. One hundred twenty broiler chickens, ac-
quired on the day of hatching from a local commercial hatchery, were raised in
one pen and then were split into three treatment groups and one control group,
each containing 30 birds, when they were 4 weeks old. All groups were fed a
common commercial corn-soy meal broiler diet containing monensin (90 g/ton)
and bacitracin methylene disalicylate (50 g/ton). The birds in the treatment
groups were given therapeutic concentrations of antimicrobials in their drinking
water when they were 4 weeks old. The antimicrobial doses for the treatment
groups were as follows: sarafloxacin, 20 ppm for 5 days; enrofloxacin, 25 ppm for
3 days; and oxytetracycline, 25 mg/lb for 5 days. Groups of 10 birds were eutha-
nized by carbon dioxide asphyxiation when they were 3, 5, and 7 weeks old, and
the cecal contents were collected for bacterial isolation.

Bacterial isolation and identification. During each commercial farm sampling
approximately 100 cecal droppings were collected using sterile wood applicators
and pooled in 30 tubes containing 1 ml of brain heart infusion broth. The
contents of the 30 tubes were combined into 10 tubes, diluted with saline (10�3

and 10�5), and plated on MacConkey agar (purchased from Difco Laboratories
prior to the merger with BD). The plates were incubated overnight at 37°C. In
order to detect phenotypes and genes with a flock prevalence of 5% or greater,
30 isolated colonies were selected from the 10 plates and then streaked for
isolation on MacConkey agar, placed in freezer medium (15% glycerol, 1%
peptone), and stored at �80°C. Similarly, samples of cecal contents from the
experimental birds were plated on MacConkey agar, and 30 isolated colonies
were collected and stored frozen. All isolates were identified by using a panel of
biochemical tests that included gas production and the sugar fermentation re-
action on triple sugar iron agar, indole production, citrate fermentation, orni-
thine decarboxylase fermentation, and the oxidase reaction in order to determine
which isolates were E. coli strains (2).

Antimicrobial susceptibility profiles. The MICs were determined using the
Sensititre automated antimicrobial susceptibility system (Trek Diagnostic Sys-
tems, Westlake, OH). The antimicrobials tested, using Sensititre avian plates,
included amoxicillin, ceftiofur, gentamicin, neomycin, tetracycline, oxytetracy-
cline, spectinomycin, streptomycin, sulfadimethoxine, sulfathiazole, sarafloxacin,
and enrofloxacin. The results were interpreted by using Clinical Laboratory
Standards Institute (CLSI) guidelines for broth microdilution methods for vet-
erinary E. coli (33). E. coli ATTC 25922 was used as the quality control strain.

Strain typing by ERIC-PCR. In order to reduce fingerprint variation associ-
ated with variation in the quality of genomic DNA preparations, whole bacterial
cells (47) were used as enterobacterial repetitive intergenic consensus sequence
PCR (ERIC-PCR) templates. ERIC-PCR was performed with a Rapidcycler
(Idaho Technologies, Idaho Falls, ID) using the following program parameters:
denaturation at 94°C for 1 s, annealing at 52°C for 10 s, and extension at 72°C for
35 s for 30 cycles, followed by a final extension at 72°C for 4 min. A master
mixture containing all of the reagents was prepared for each PCR in order to
reduce the variation within trials. One microliter of template was added to 9 �l
of the master mixture; each 10-�l PCR mixture contained deoxynucleotides at a
concentration of 1 mM, 3 mM MgCl2, PCR buffer (50 mM Tris), 50 pmol of each
primer (44), and 0.5 U of Taq DNA polymerase (Roche Molecular Biochemicals,
Indianapolis, IN). For standardization, each gel contained a molecular weight
size standard and each trial included an E. coli HB101 ERIC-PCR as an internal
control. Amplicons were separated on a 1.5% agarose gel containing ethidium
bromide (5 �g/ml) at 65 V for 2.3 h. The gels were photographed and digitized,

and the bands were detected using the densitometry feature of RFLP Scan,
version 3.0 (Scanalytics Inc., Fairfax, VA). To identify related E. coli strains,
band patterns (presence or absence) were compared with a 2% molecular weight
match tolerance using RFLP Scan, version 3.0. Phylogenetic trees were con-
structed using TreeCon, version 1.3b (43) with the stepwise clustering algorithm
described by Liu and Wang (22). Tree branches were confirmed to contain
related strains by visually inspecting the densitometry scans of strains in each
branch.

Detection of antimicrobial resistance genes. The DNA probes for detecting
drug resistance genes were generated by PCR with digoxigenin-labeled nucleo-
tides using primers specific for the tetracycline determinants tetA, tetB, tetC, tetD,
and tetE (34) and intI1 and intI2 (11). DNA-DNA hybridization was performed
as described by Sambrook et al. (38) with hybridization washes at 60°C for intI2
detection (11) and at 68°C for the other DNA probes. Positive isolates were
visualized with anti-digoxigenin alkaline phosphatase conjugate and the ni-
troblue tetrazolium/5-bromo-4-chloro-3-indolylphosphate (BCIP) substrate as
described by the manufacturer (Roche Molecular Biochemicals, Indianapolis,
IN). The intI1-associated antimicrobial resistance gene cassettes were detected
by a PCR–enzyme-linked immunosorbent assay (ELISA) as previously described
by Lu et al. (23). The class 2 integron encoded by Tn7 confers drug resistance to
streptomycin (aadA1) and trimethoprim (dfrI) (15), and a PCR-ELISA was
developed to detect the presence of these genes in some intI2-positive E. coli
strains. intI2-associated cassettes were amplified with primer 59be (32) and the
3�intI2 forward primer (10) by performing PCR with the following parameters:
initial incubation at 96°C for 5 min, followed by denaturation at 94°C for 10 s,
annealing at 50°C for 30 s, and extension at 72°C for 2.5 min for 30 cycles. Each
10-�l PCR mixture contained digoxigenin-labeled deoxynucleotides at a concen-
tration of 1 mM, 2 mM MgCl2, PCR buffer (50 mM Tris), 50 pmol of each
primer, and 1 U of Taq DNA polymerase (Roche Molecular Biochemicals).
After amplification, biotinylated oligonucleotide probes were added at a con-
centration of 0.1 fM, the amplicons were denatured by incubation for 60 s at
96°C, and hybridization was performed at 50°C for 15 min. Positive amplicons
were detected by an ELISA using the appropriate probes and controls, as
described by Lu et al. (23).

gyrA mutation analysis. The quinolone resistance-determining region of gyrA
was amplified as previously described by Weigel et al. (46). PCR was performed
with a Rapidcycler (Idaho Technologies, Idaho Falls, ID) using the following
program parameters: initial denaturation at 94°C for 2 min, followed by dena-
turation at 94°C for 1 min, annealing at 57°C for 1 min, and extension at 72°C for
1 min and then a final extension at 72°C for 5 min. The 50-�l mixture contained
deoxynucleotides at a concentration of 250 �M, 1.5 mM MgCl2, PCR buffer (50
mM Tris), 100 pmol of each primer, and 2.5 U of Taq DNA polymerase (Roche
Molecular Biochemicals). DNA products were separated on a 1.5% agarose gel
containing ethidium bromide (5 �g/ml). In order to detect gyrA mutations at
Ser-83 and Asp-87 in the PCR amplicon, a restriction fragment length polymor-
phism assay was performed as described by Ozeki et al. (37).

Statistical analysis. In order to detect differences in antimicrobial resistance
among E. coli strains isolated from different farms and flocks and among birds
that were different ages or belonged to different treatment groups, Fisher’s exact
method (for comparison of two groups) and the Cochran-Mantel-Haenszel
method (for comparison of three groups) were used to determine whether
isolates from one group were significantly more resistant than other isolates. To
detect whether there was a difference in the mean MICs among the treatment
and age groups in the research flock, a Kruskal-Wallis test was used to determine
whether at least one group had significantly higher mean MICs than other
groups. The Wilcoxon-Mann-Whitney test was used to identify a group for which
the mean MICs were significantly higher. To analyze antimicrobial resistance
gene and integron carriage rates, we fitted logistic models to determine whether
one group (defined by age, farm, flock, heat stress, or antimicrobial usage) was
more likely to have an antimicrobial resistance gene or integron than another
group. For comparison in the logistic model, the P value was determined by the
Wald chi-square method. Fisher’s exact method was used to determine whether
there was a significant difference in the prevalence of carriage of antimicrobial
resistance genes between two groups when it was appropriate for the data.

RESULTS

Prevalence of antimicrobial resistance on commercial
farms. A total of 180 isolates from farm A, 150 isolates from
farm B, and 120 isolates from farm C were screened for sus-
ceptibility to a panel of 12 antimicrobials. Table 1 shows the
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antimicrobial susceptibilities of E. coli isolates cultured from
three flocks of healthy chickens on a farm that had not used
therapeutic antimicrobials in the flock house for more than 1
year. We detected a high prevalence of tetracycline (36 to
97%), sulfathiazole (50 to 100%), and streptomycin (53 to
100%) resistance at all sampling times. However, we detected
a low prevalence of resistance to fluoroquinolones and the
�-lactam amoxicillin. Significantly higher gentamicin MICs
were detected for E. coli isolates collected from young birds
(MIC50, �8 �g/ml) than for E. coli isolates collected from birds
5 weeks old or older (MIC50, 8 �g/ml; P � 0.0064). Higher
oxytetracycline MICs were also detected for isolates cultured
from 3-week-old birds.

Two of the farms in our study had used therapeutic antimi-
crobials with several flocks of chickens prior to sampling and
with two flocks that were sampled in our study. Table 2 shows
the susceptibilities of the isolates collected from the treated
flocks. We detected a high prevalence of tetracycline (58 to
90%), sulfathiazole (77 to 100%), and streptomycin (74 to
100%) resistance in the E. coli isolates cultured from these
farms. Both of these poultry farms had a past history of fluo-
roquinolone usage (enrofloxacin and sarafloxacin). The sara-
floxacin MICs were higher for E. coli isolates that were cul-
tured from a flock that was given sarafloxacin (MIC50, 0.5
�g/ml) than for isolates from the farm with no recent history of
fluoroquinolone usage (MIC50, 0.15 �g/ml; P � 0.001). How-
ever, we did not observe a significant increase in the prevalence
of tetracycline resistance in E. coli isolates after oxytetracycline
administration to the commercial broiler flock. One of the
difficulties in demonstrating a statistically significant change in
the prevalence of tetracycline resistance was related to the high
prevalence of resistance in isolates from untreated flocks and

the variation in the prevalence of tetracycline resistance due to
differences in the ages of the birds and the farms. We detected
significant differences in gentamicin MICs (P � 0.0064) and
oxytetracycline MICs (P � 0.0001) that were age related, but
the pattern of increasing or decreasing resistance related to
age varied by farm and flock.

Prevalence of antimicrobial resistance in broiler chickens in
a controlled, environmental setting. We raised a group of
experimental broiler chickens under controlled conditions at
our animal facility in order to reduce the contribution of dif-
ferent farm management practices associated with commercial
broiler chicken production. These birds were given a therapeu-
tic dose of fluoroquinolones and oxytetracycline; 270 E. coli
isolates were screened to determine their susceptibilities to a
panel of 12 antimicrobials. Table 3 shows the antimicrobial
susceptibilities of E. coli isolates cultured from the experimen-
tal birds. As on the commercial farms, there was a low preva-
lence of susceptibility to antimicrobials such as tetracycline (17
to 57%), streptomycin (20 to 43%), and sulfathiazole (23 to
43%) in the untreated group. Similar to the findings obtained
using commercial birds, for the E. coli isolates from the un-
treated research birds the MICs of neomycin (MIC90, 32 �g/ml
versus 2 �g/ml; P � 0.05), tetracycline (MIC50, �8 �g/
ml versus 0.5 �g/ml; P � 0.05), streptomycin (MIC50, 64 �g/ml
versus 16 �g/ml; P � 0.05), nalidixic acid (MIC90, 64 �g/ml
versus 16 �g/ml; P � 0.05), and sulfathiazole (MIC50, �256

TABLE 1. Antimicrobial susceptibility patterns for E. coli isolates
cultured from cecal droppings of untreated commercial

broiler chickens on farm Aa

Antimicrobial

% of susceptible isolates

Flock 1 Flock 2 Flock 3

3 wk 6 wk 3 wk 6 wk 3 wk 6 wk

Amoxicillin 92 96 90 77 100 90
Ceftiofur 100 100 100 100 100 100
Gentamicinb 8 27 13 32 20 70
Neomycin 100 97c 97 71 97 100
Oxytetracyclineb 27 3c 58 36 64 44
Streptomycin 0 0 0 0 17 47
Sulfathiazole 0 0 0 0 0 50
Enrofloxacin 100 100 100 100 100 96
Nalidixic acid 96 96 94 97 93 62
Sarafloxacin 96 97 94 97 97 75

a The flock houses contained approximately 22,000 birds. Samples of fresh
cecal droppings were obtained from the top of the litter bed of broilers when they
were 3 and 6 weeks old (30 isolates from each sampling were tested; n � 180).
MICs were determined using the Sensititre broth microdilution method with
avian plates. Susceptibility was determined using CLSI criteria. No antimicrobi-
als had been used in the flock houses for more than 1 year.

b The MICs of gentamicin (P � .0064) and oxytetracycline (P � .0001) for E.
coli isolates cultured from young birds (3 weeks old) were significantly higher.
Gentamicin is approved for use in day-of-hatch chicks (39) and was used by the
companies cooperating in this study.

c The MICs of neomycin (P � 0.0035) and oxytetracycline (P � 0.0175) for
isolates from flock 1 chickens that were 6 weeks old were higher than the MICs
of these antimicrobials for isolates from flock 2 chickens that were 6 weeks old.

TABLE 2. Antimicrobial susceptibility patterns for E. coli isolates
cultured from the cecal droppings of commercial broiler

chickens that were given antimicrobialsa

Antimicrobial

% of susceptible isolates

Farm Bb Farm C c

3 wk 6 wk 7 wk 3 wk 6 wk

Amoxicillind 76 100 90 93 100
Ceftiofur 100 100 100 100 100
Gentamicin 0 3e 23 16 16
Neomycin 100 100 100 100 100
Oxytetracyclinef 10 42 23 33 26
Streptomycin 16 0 0 3 26
Sulfathiazole 0 0 23 6 16
Enrofloxacin 100 100 100 100 96
Nalidixic acid 16 28 53 33 20
Sarafloxacing 23 3e 53 16 0

a The flock houses contained approximately 22,000 birds. Samples of fresh
cecal droppings were obtained from the top of the litter bed of broilers when they
were 3 and 6 weeks old (30 isolates from each sampling were tested; n � 150).
Samples were also obtained from the flock on farm B when the chickens were 7
weeks old, after oxytetracycline treatment. MICs were determined using the
Sensititre broth microdilution method with avian plates. Susceptibility was de-
termined using CLSI criteria.

b Farm B had a history of enrofloxacin and sarafloxacin usage; oxytetracycline
was administered to the birds in their water when they were 6.5 weeks old.

c The flock house had a history of sarafloxacin and enrofloxacin usage; sara-
floxacin was administered to the birds in their water when they were 6 weeks old.
Isolates were collected the day after the treatment.

d Isolates from farm A (Table 1) were significantly more resistant to amoxi-
cillin than isolates from farm B (P � 0.021) when the birds were 3 weeks old.

e The MICs of sarafloxacin (P � 0.0001) and gentamicin (P � 0.0399) for
isolates from farm B were significantly higher when the chickens were 6 weeks
old than when they were the other ages.

f Isolates from farm A were significantly more resistant to oxytetracycline (P �
0.0002) than isolates from farm B when the chickens were 6 weeks old.

g Isolates from farm A were significantly more susceptible to sarafloxacin (P �
0.0001) than isolates from farm B and farm C when the chickens were 3 and 6
weeks old.
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�g/ml versus 256 �g/ml; P � 0.05) were higher when the
chickens were 3 weeks old than when the chickens were 5
weeks old. These data confirm that age remains a confounding
factor when resistance prevalence data are interpreted. How-
ever, if the treatment groups were compared when the chick-
ens were the same ages, the quinolone MICs were significantly
more likely (P � 0.05) to be higher for isolates obtained from
the enrofloxacin-treated group when the chickens were 5 and 7
weeks old than for isolates obtained from the other treatment
groups. But we also found that the MICs of streptomycin were
less likely to be higher for E. coli isolates from the enrofloxa-
cin-treated group than for E. coli isolates from the other
groups when the chickens were 5 weeks old. For example, the
streptomycin MIC90 for isolates in the untreated group was 128
�g/ml, while for 86% of the isolates in the enrofloxacin-treated
group the MIC was 8 �g/ml. The enrofloxacin-treated group
also exhibited a lower prevalence of resistance to streptomycin,
tetracycline, and sulfathiazole after treatment.

Poultry E. coli strain distribution and antimicrobial resis-
tance. In order to investigate the effects of E. coli strain dis-
tribution on the prevalence of antimicrobial resistance, 30 to
50% of the isolates from each flock were DNA fingerprinted,
and the results were used to construct phylogenetic trees. Iso-
lates were selected to represent all of the resistance pheno-
types and genotypes cultured from each sampling time. Four
common ERIC-PCR strain types were detected on the differ-
ent commercial poultry farms, and two of these strain types
were detected among the isolates cultured from research
broiler flocks raised in our facilities (Fig. 1).

In order to investigate whether resident E. coli strains af-
fected the prevalence of antimicrobial resistance on farms that

did not use therapeutic antimicrobials during this study, we
evaluated the distribution and genetic relatedness of E. coli
isolates from the flocks on farm A (Fig. 2). While multiple
strain types were detected, we found several E. coli strains in
flock 3 that persisted as the birds matured. These persistent
strains included ERIC strain A. Also, genetically related E.
coli strains were found in multiple flocks on this farm, and
these strain types included both antimicrobial-susceptible
and -resistant isolates (Table 4). These results suggested that a
resident E. coli strain could colonize new flocks that enter a
house but that the prevalence of antimicrobial resistance was
not predictable because of variation in drug resistance within a
strain type. However, a comparison of strain types detected in
the oxytetracycline-treated flock on farm B indicated that dif-
ferent tetracycline-resistant E. coli strains were present in the
birds before and after administration of the antimicrobial (Fig. 3).
This finding suggests that oxytetracycline induced E. coli strain
succession, but succession was also observed in the untreated
flocks on farm A (Fig. 2).

Farm C also possessed antimicrobial-resistant strains that
persisted throughout the grow-out period of one flock, includ-
ing ERIC strains A and C. Because there was treatment-inde-
pendent variation in the prevalence of antimicrobial resistance,
we investigated whether the prevalence of specific strain types
could explain the prevalence of fluoroquinolone resistance on
this farm, which had a history of usage. Eighty-four percent of
the E. coli isolates from 3-week-old birds were sarafloxacin
resistant or intermediate, and all isolates from treated 6-week-
old birds were resistant (Table 2). ERIC-PCR strain typing
revealed three sarafloxacin-resistant strains in 3-week-old
birds, including ERIC strains A and C (Fig. 4). Five resistant

TABLE 3. Antimicrobial susceptibility patterns of E. coli isolates cultured from the cecal contents of experimental
broiler chickens that were given antimicrobialsa

Antimicrobial

% of susceptible strains

Grouped flock
(3 wk)f

Group 1
(no treatment)e

Group 2
(sarafloxacin
treatment)b

Group 3
(enrofloxacin
treatment)c

Group 4
(tetracycline
treatment)d

5 wk 7 wk 5 wk 7 wk 5 wk 7 wk 5 wk 7 wk

Amoxicillin 100 100 93 100 100 100 97 93 93
Ceftiofur 100 100 100 100 100 100 100 100 100
Gentamicin 23 90 63 87 100 100 93 97 97
Neomycin 50 93 100 97 97 100 97 77 100
Oxytetracycline 16 53 57 53 60 70 60 0 3
Streptomycin 20 43 20 43 60 87 80 50 60
Sulfathiazole 23 43 27 43 80 50 83 30 97
Enrofloxacin 100 100 100 100 100 60 70 100 100
Nalidixic acid 73 90 53 60 70 46 50 70 96
Sarafloxacin 83 97 67 83 67 50 53 100 100

a Samples of fresh cecal contents were obtained from euthanized birds when they were 3, 5, and 7 weeks old (30 isolates from each sampling were collected; n �
270). MICs were determined using the Sensititre broth microdilution method with avian plates. Susceptibility was determined using CLSI criteria. The research flock
contained 120 birds that were separated into four treatment groups when the birds were 4 weeks old.

b Sarafloxacin (20 ppm) was administered in the water given to the birds for 5 days when they were 4 weeks old.
c Enrofloxacin (25 ppm) was administered in the water given to the birds for 3 days when they were 4 weeks old. The MICs of sarafloxacin (P � 0.0156), enrofloxacin

(P � 0.0125), and nalidixic acid (P � 0.0342) were more likely to be higher for the enrofloxacin-treated group than for other treatment groups when the chickens were
5 and 7 weeks old. The isolates from the enrofloxacin-treated group were more susceptible to streptomycin than the isolates from the other groups when the chickens
were 5 weeks old (P � 0.001).

d Oxytetracycline (25 ppm) was administered in the water of the birds for 5 days when they were 4 weeks old. The isolates from the oxytetracycline group were more
likely than the isolates from the untreated group and the fluoroquinolone-treated groups to be resistant to oxytetracycline when the chickens were 5 and 7 weeks old
(P � 0.001) and less likely to be resistant to sarafloxacin and enrofloxacin when the chickens were 7 weeks old (P � 0.0002).

e The isolates from the untreated group were more likely than the isolates from the other groups to be resistant to streptomycin (P � 0.001) and sulfathiazole (P �
0.003) when the chickens were 7 weeks old.

f E. coli strains isolated from 3-week-old birds were more likely to be resistant than the strains isolated from 5-week-old birds (P � 0.05).
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strains were isolated from the treated birds, including ERIC
strains A, B, and D. The other two resistant strains must have
been present at levels below the detection level, and these E.
coli strains could have persisted in the litter between flocks.
Therefore, the data from the research flock could eliminate the
confounding factor of litter contamination. However, 10% of
the E. coli isolates from the untreated research control group
were sarafloxacin resistant. Two sarafloxacin-resistant strains
were detected, and one of them was ERIC strain A. Both of
these E. coli strains possessed the gyrA (Thr83Ser) mutation,
as did the sarafloxacin-resistant strains detected in the sara-
floxacin-treated research group. ERIC strain A was also the
dominant susceptible strain detected in the birds prior to ad-

ministration of antimicrobials, indicating that sarafloxacin ad-
ministration selected for additional fluoroquinolone-resistant
strains that were present at a low density in the bacterial
community.

Prevalence of tetracycline resistance genes. Although tetra-
cycline resistance can be mediated by 36 different genetic ele-
ments, the tetA to tetE genes have been found to be the most
prevalent such elements in E. coli isolates (8). tetA (10 to 60%
of isolates) and tetB (10 to 50%) were the alleles most com-
monly detected in the flocks regardless of treatment history.
On farm C, there was no significant difference in tetA (13%
versus 46%), tetB (36% versus 40%), or tetC (10% versus 0%)
carriage after sarafloxacin treatment (P � 0.1). However, on

FIG. 1. Genetic relatedness of E. coli isolates (n � 172) cultured from flocks on commercial broiler farms and in a research facility. (A) E. coli
isolates were fingerprinted using ERIC-PCR, and strain types were identified after phylogenetic analysis using RFLP Scan. Four ERIC-PCR types
were found on all three commercial farms (ERIC strains A to D), and two strains were also detected in the research flock (RF) (ERIC strains A
and D). The distribution of some E. coli strains was limited to single flocks on a single farm. (B) ERIC-PCR fingerprints of some isolates from
the research flock and farm C. Not all bands detected by the typing software are visible. Lanes S contained the molecular weight marker; lanes
A contained ERIC strain A.
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farm B, there was a significant decrease in tetB carriage (50%
versus 10%) (P � 0.0003) after tetracycline administration,
and there was a significant increase in tetA carriage (10%
versus 27%) (P � 0.0001). In addition, tetA was more likely to
be detected in isolates from farm B than in isolates farm A
(P � 0.0002) or farm C (P � 0.0005), suggesting that the
tetracycline administration on farm B may have affected tetra-
cycline allele carriage. Past usage of tetracycline on a farm may
affect the persistence of a particular tetracycline determinant;
however, there were significant age (P � 0.0338) and farm
(P � 0.0041) interactions that may have confounded the inter-
pretation of the data. In some cases we found a higher prev-
alence of tet gene carriage than tetracycline resistance, suggest-
ing that silent carriage was not usual. We also detected a
higher prevalence of tetracycline resistance than carriage of
the tetA to tetE alleles, suggesting that other tet genes mediated
some resistance. This was particularly true on the commercial
farms, indicating that there may be great diversity of tet deter-
minants in the community of environmental bacteria.

We also wanted to determine whether carriage of a partic-
ular tetracycline resistance determinant correlated with the
presence of a particular E. coli strain. In untreated experimen-
tal flocks, genetically related E. coli strains carried the same
tetracycline resistance gene allele. However, on the commer-
cial farms, similar E. coli strains carried different tetracycline
resistance determinants. These data suggest that there may
have been a greater abundance and diversity of tetracycline
alleles in the bacterial communities of the commercial broiler
chicken farms. These data indicate that the selective pressure
of tetracycline usage may influence the diversity of resistance
genes that persist in an environment.

Prevalence of integron-encoded antimicrobial resistance
genes. Integrons have not been shown to encode tetracycline
resistance, but they often encode resistance to aminoglyco-
sides, �-lactams, cephalosporins, chloramphenicol, and tri-
methoprim. Therefore, we investigated the contribution of in-
tegrons to resistance in commensal E. coli strains isolated from
treated and untreated birds (Table 5). The most common in-

FIG. 2. Genetic relatedness of E. coli isolates (n � 43) cultured from three sequential flocks on farm A. Samples were obtained from the flocks
when the birds were 3 and 6 weeks old. E. coli isolates were fingerprinted using ERIC-PCR, and strain types were identified after phylogenetic
analysis. Nearly all E. coli strains exhibited succession within and between flocks; however, two strains (indicated by shading) persisted in flock 3.
In addition, genetically related strains were detected in multiple flocks. Drug resistance profiles are indicated for branches containing more than
one E. coli isolate. The abbreviations for antimicrobial resistance are as follows: A, amoxicillin; G, gentamicin; T, tetracycline; Sp, spectinomycin;
S, streptomycin; Su, sulfathiazole; and Sf, sarafloxacin.
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tegrase gene detected in the E. coli isolates was the class 1
integron intI1 gene (20 to 100%), which frequently contained a
streptomycin resistance cassette (23.3 to 100%) and/or a tri-
methoprim resistance cassette (0 to 17.6%). The class 2 inte-
grons (prevalence, 0 to 20%) that were screened by PCR-
ELISA contained a dfr cassette (67%) and an aadA1 cassette
(83%). The presence of these cassettes in the class 2 integron-
positive isolates suggests that Tn7 or related transposons prob-
ably encoded the resistance (15).

Antimicrobial administration significantly affected the prev-
alence of integron carriage in the E. coli strains screened in this
study. On farm B, there was a significant decrease in intI1
carriage after tetracycline treatment (P � 0.0077), and there
was a significant decrease in intI2 carriage (P � 0.0053) after
sarafloxacin treatment on farm C. These data suggest that anti-
microbial administration can affect integron carriage. However,

significant differences between the ages (P � 0.0036), farms (P �
0.0008), and flocks (P � 0.0001) indicated that other factors
significantly contributed to the variation in integron carriage.

Prevalence of multidrug resistance in commensal E. coli
strains from chickens. More than 75% of the E. coli isolates
from commercial flocks were resistant to three or more anti-
microbials. However, there were different E. coli strains that
exhibited the same drug resistance patterns, and there were
similar strains that displayed different antimicrobial resistance
patterns. Table 4 shows the resistance phenotypes and geno-
types of the four common E. coli strains found on the com-
mercial broiler farms. In some instances, isolates of the
same E. coli strain expressed the same drug resistance pat-
terns although they harbored different tet determinants or
streptomycin resistance genes. In addition, we detected
sarafloxacin-resistant members of some E. coli strains on

TABLE 4. Distribution of ERIC-PCR strains and their antimicrobial resistance phenotypes and genotypes among
E. coli strains isolated from broiler chicken flocksa

ERIC
strain

Antimicrobial resistance
phenotype

No. of strains with resistance
phenotype on: Resistance genotype on:

Farm A Farm B Farm C Farm A Farm B Farm C

A G T Sp S Su Sf 5 1 intI1 (aadA) intI1 (aadA), tetA
G T Sp S Su 9 2 3 intI1 (aadA) intI1 (aadA) intI1 (aadA)

intI1 (aadA), tetA intI1 (?)b

intI1 (aadA), tetB
G T Su 1 intI1 (aadA), tetA
G Sp S Su 3 1 intI1 (aadA), tetA intI1 (aadA)

intI1 (aadA)
G Sp S Su 1 intI1 (aadA)
T Sp S Su Sf 1 intI1 (aadA), intI2
T Su 1 tetB
T S 1 2 tetB intI1 (aadA)
T 2 intI2
Sf 1
Susceptible 1 2

B G T Sp S Su Sf 1 1 intI1 (aadA) intI1 (aadA), tetB
G T Sp S Su 7 3 1 intI1 (aadA), tetA intI1 (aadA), tetA intI1 (aadA)

intI1 (aadA), intI2, tetA intI1 (aadA), tetB
intI1 (aadA, dfr), tetA intI1 (aadA)

G T Sp Su 1 intI1 (aadA), tetA

C G T Sp S Su Sf 1 3 3 intI1 (aadA), tetA intI1 (aadA) intI1 (aadA)
G T Sp S Su 11 7 2 intI1 (aadA), tetA intI1 (aadA), tetA intI1 (aadA), intI2

intI1 (aadA), tetB intI1 (aadA) intI1 (aadA)
intI1 (aadA)

G Sp S Su 1 intI1 (aadA)
G Sp Su Sf 4 intI1 (aadA)

intI1b

A T 1 intI1
T S 2 intI1 (bla)
Sf 1 1 intI1 (aadA, bla)

D G T Sp S Su Sf 2 intI1 (aadA), tetB
intI1 (aadA)

G T Sp S Su 2 1 intI1 (aadA), tetB intI1 (aadA)
G Sp S Su Sf 1 intI1 (aadA)
Sf 1 intI1 (aadA)

a Strain types were determined by ERIC-PCR. Class 1 and class 2 integrase genes were detected using DNA-DNA hybridization, and class 1-associated gene cassettes
of intI1-positive isolates were screened using PCR-ELISA. The probes were pooled to screen for the presence of �-lactamase (bla), dihydrofolate reductase (dfr), and
aminoglycoside resistance (AG) cassettes. The aminoglycoside resistance pool did not contain the aadA1,2 probe. A gene in parentheses following intI1 is an
antimicrobial resistance gene present in the integron. The genes listed in parentheses do not reflect the order in the integron or the number of integrons present in
the isolates. The abbreviations for antimicrobial resistance are as follows: A, amoxicillin; G, gentamicin; T, tetracycline; Sp, spectinomycin; S, streptomycin; Su,
sulfathiazole; and Sf, sarafloxacin.

b PCR-ELISA did not detect �-lactamase (bla), dihydrofolate reductase (dfr), or aminoglycoside resistance cassettes in this integron.
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each commercial farm and the research farm, indicating that
dissemination of sarafloxacin-resistant strains may also be
responsible for the presence of fluoroquinolone resistance
in the absence of usage.

DISCUSSION

The purpose of this study was to investigate the influence of
antimicrobial administration on the prevalence of resistance in
commensal E. coli strains isolated from broiler chickens. In this
study we cultured isolates from birds with known antimicrobial
treatment histories and characterized their antimicrobial resis-
tance profiles and their carriage of specific drug resistance

genes. Furthermore, in order to determine whether the prev-
alence of antimicrobial resistance was due to the presence of
persistent resistant E. coli strain types, we evaluated the dis-
tribution of strains and their antimicrobial resistance genes.
We found a high prevalence of resistance to tetracycline, sul-
fonamides, and streptomycin in all commercial flocks, although
these drugs were not used in most cases. These results were
supported by data from the experimental flocks which demon-
strated that even in controlled settings with clean pens and
fresh bedding, there was high prevalence of resistance to an-
timicrobials not commonly used in broiler chicken husbandry.
These data are similar to data in previously published studies

FIG. 3. Antibiotic resistance phenotypes and genotypes for E. coli strains isolated from an oxytetracycline-treated commercial broiler flock.
(A) ERIC-PCR fingerprints. Not all bands detected by the typing software are visible. Lanes S contained a molecular weight marker; lanes 1 to
10 contained isolates from 6-week-old birds in flock 1 on farm B prior to oxytetracycline administration; lanes 11 to 19 contained isolates from
7-week-old birds after treatment; and lane 20 contained E. coli HB101. (B) Antibiotic resistance phenotypes and genotypes of the isolates. The
abbreviations are the same as those described in the legend to Fig. 2.

FIG. 4. ERIC-PCR fingerprints of fluoroquinolone-resistant E. coli strains isolated from farm C. Not all bands detected by the typing software
are visible. Lanes S contained a molecular weight marker; pretreatment isolates were cultured from 3-week-old birds prior to sarafloxacin
treatment; posttreatment isolates were cultured from 6-week-old birds. Lanes A, B, and D contained ERIC strains A, B, and D, respectively.
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that illustrated that usage patterns may not correlate with
resistance prevalence (14, 19, 42).

However, we also detected broad distribution of several an-
timicrobial-resistant E. coli strains on all the farms in our study,
including birds raised in our research facilities. Previous stud-
ies have shown the persistence of clonal pathogenic E. coli
strains in poultry houses, but commensal E. coli isolates have
been shown to have a wide diversity of genotypes (9, 26, 35).
ERIC-PCR was used in our study to strain type the E. coli
isolates, and this method has been used by other workers to
type E. coli strains from poultry (6, 9, 35) and swine (31, 45)
and uropathogenic isolates (48). Although Meacham et al. (27)
demonstrated that low-stringency PCR conditions could gen-
erate false diversity, a multilaboratory study performed by
Grundmann et al. (13) showed that standardization reduced
variation. We used a whole-cell template to reduce the varia-
tion associated with genomic DNA preparation and standard-
ized reaction conditions by preparing a master mixture, using
the same thermocycler, and including a positive control strain
in each experiment. ERIC-PCR typing revealed significant di-
versity among E. coli strains isolated in our study, but there
also appeared to be a propensity for some resistant strains to
persist in the farm environment and colonize new flocks.

These findings have important implications for poultry flock
house and litter management. In several studies workers have
described the microbial diversity and activity of organisms that
survive in litter (10, 23, 25); therefore, it is important to un-
derstand the implications of litter management for the persis-
tence of E. coli and other microorganisms. Some poultry com-
panies remove litter from the house prior to every new flock,
while others place fresh bedding on top of used litter and
replace the litter a few times a year. Litter management varies

because companies have different approaches to developing
the intestinal microbiota of young chicks in order to improve
resistance to infectious diseases. In addition, the cost of drug
resistance plasmid carriage has been shown to be reduced as E.
coli strains evolve over successive generations (28). Therefore,
the coevolution of E. coli populations and the antimicrobial
resistance gene load in litter may have a greater influence on
the prevalence of antimicrobial resistance than antimicrobial
usage alone has. We have also shown in previous studies that
the litter may contain the same antimicrobial resistance genes
that were detected in the commensal E. coli strains (23, 32),
suggesting that the litter environment can serve as a reservoir
for antimicrobial resistance gene carriage and genetic ex-
change among abundant members of the litter bacterial com-
munity (36). This persistent antimicrobial resistance gene res-
ervoir may also explain the limited diversity of tet alleles and
integron cassettes that were observed for commensal E. coli
strains.

Integron-mediated antimicrobial resistance has been shown
to be common in avian E. coli strains and other veterinary
pathogens (3, 11). Our study also confirmed that class 1 inte-
grons are very common among commensal poultry E. coli
strains. In some cases, antimicrobial administration signifi-
cantly affected the carriage of integrons, illustrating the influ-
ence of usage on antimicrobial resistance genetic carriage.
Antimicrobial administration appeared to have more effect on
antimicrobial resistance gene distribution than on the pheno-
typic prevalence of antimicrobial resistance of E. coli isolates in
this study. These findings are similar to those of Blake et al.
(5), who found that tetracycline administration changed the
carriage of particular tet genes in commensal E. coli strains. In
our study, changes in carriage also appeared to be due to
changes in E. coli community structure.

We encountered difficulty in correlating increased antimi-
crobial resistance with antimicrobial usage because of the wide
variation in prevalence among commensal E. coli strains from
the commercial farms. Langlois et al. (18) also found that the
location of housing and the age of pigs affected the antimicro-
bial resistance of the fecal coliforms in an untreated herd;
other studies have shown similar effects (29, 30). Likewise, we
found that younger birds were more likely to contain E. coli
strains that were resistant to gentamicin and oxytetracycline,
although antimicrobial resistance also varied among flocks and
farms. Similar age-related and farm-to-farm differences in an-
timicrobial susceptibility of commensal E. coli strains have also
been reported for cattle (4, 16, 17). E. coli is most abundant
among the intestinal bacterial community when the birds are
young and wanes as the birds mature (24). Therefore, poultry
production practices that affect the density of drug-resistant
genes and affect the abundance of E. coli may be very impor-
tant for influencing the prevalence of antimicrobial resistance.

In conclusion, the data obtained in this study indicate that
many factors contribute to the prevalence of drug resistance in
commensal bacterial communities of animals. Understanding
the ecology of bacterial communities present in animal envi-
ronments should allow informed inquiries concerning the de-
gree that specific organisms affect the overall ecology of resis-
tance with respect to genetic exchange and interaction with
members of the microbial community. The information gath-

TABLE 5. Distribution of integron carriage and class 1 integron-
associated cassettes in E. coli strains isolated from

commercial broiler chicken flocksa

Farm Flock Age
(wk)

% of positive strains

intI1 intI2 aadA1,2b blab AGb dfrb

A 1 3 96 0 94.1 0 0 17.6
6 100 3 86.7 3.3 0 3.3

2 3 40 6 90 0 10 0
6 50 10 70 20 0 0

3 3 51 3 90 3.3 10 6.7
6 20 0 55.2 3.4 0 3.4

B 1 3 97 6 100 0 0 6.7
6 100 0 78.6 0 0 0
7 93 6 76.7 0 0 0

2 3 60 0 90 0 0 0
6 66 6 83.3 0 0 6.7

C 1 3 93 10 92.9 0 0 14.3
6 83 0 86.7 0 3.3 16.7

2 3 46 0 48.3 24.1 0 3.4
6 23 13 23.3 0 0 0

a Class 1 and class 2 integrase genes were detected using DNA-DNA hybrid-
ization. Class 1-associated gene cassettes of intI1-positive isolates were screened
using PCR-ELISA.

b The digoxigenin-labeled probes were pooled to screen for the presence of
�-lactamase (bla), dihydrofolate reductase (dfr), and aminoglycoside resistance
(AG) cassettes in intI1-positive isolates by PCR-ELISA. The aminoglycoside
resistance pool did not contain the aadA1,2 probe.
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ered from these types of studies may help us manage the
evolution of antimicrobial resistance in the future.
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